The goal of this study was to characterize the spectral characteristics and spatial topography of local field potential (LFP) activity in the internal segment of the globus pallidus (GPi) in patients with Parkinson's disease utilizing directional (segmented) deep brain stimulation (dDBS) leads.
Introduction
Parkinson's disease is a neurodegenerative disease for which deep brain stimulation (DBS) is an effective therapy for treating motor signs. Neurophysiological data collected from (temporary) microelectrodes and (implanted) DBS lead contacts have led to ground breaking work in understanding the pathophysiology of Parkinson's disease. Local field potential (LFP) recordings from recently introduced directional (segmented) deep brain stimulation (dDBS) leads may provide even further insights into the pathophysiology of Parkinson's disease and be a useful tool to inform programming strategies that optimize clinical benefit. Previous studies in the subthalamic nucleus (STN) using omnidirectional ring electrodes for recording LFPs reported the most beneficial effect of STN DBS arose from those contacts with the highest magnitude of beta activity (Ince et al., 2010; Yoshida et al., 2010) . Similarly, a subsequent report suggested that the site of beta activity with the greatest relative power determined through DBS lead recordings could reasonably predict the site within the STN for optimal outcomes (Horn et al., 2017) . Data from these studies suggest that LFP recordings from DBS electrodes have the potential to guide patient programming and identify the optimal locations within the DBS target for implantation. The recent development of dDBS leads with segmented (i.e. directional) contacts offers higher spatial resolution when recording LFP activity compared to omnidirectional contacts and enables us to better define the spatial distribution of biomarker activity and determine whether this activity might be predictive of which segments provide optimal clinical efficacy (Tinkhauser et al., 2018) .
Despite the fact that the internal segment of the globus pallidus (GPi) is increasingly being targeted for DBS in Parkinson's disease patients, there are few reports exploring the presence and spatial distribution of LFP activity in the pallidum (AuYong et al., 2018; Silberstein et al., 2003; Tsiokos et al., 2013) , none of which include dDBS leads. The goal of the present study was to identify the spectral characteristics, spatial topography, and movement-related dynamics of LFP activity in the GPi in patients with Parkinson's disease with externalized dDBS leads.
These data serve as a step towards characterizing electrophysiological biomarkers in the pallidum, improving our understanding of the pathophysiological basis underlying Parkinson's disease motor signs and providing insights that could inform DBS programming, thereby enhancing clinical efficacy and minimize programming time. These data will also serve as the J o u r n a l P r e -p r o o f basis for successfully implementing electrophysiological biomarker-based closed-loop stimulation applications for patients receiving GPi DBS with directional leads.
Materials and methods

Subjects
All procedures were approved by the University of Minnesota Institutional Review Board (#1701M04144) and subjects' consent was obtained according to the Declaration of Helsinki.
Three patients (two females, one male) with idiopathic Parkinson's disease approved for DBS by our DBS consensus committee were consented for externalization and enrolled in the study. The University of Minnesota DBS consensus committee determines surgical candidacy and target selection through a standard of care, multi-disciplinary patient review process that involves Neurology, Neurosurgery, Neuropsychology and Nursing. General criteria for candidacy include (but not limited to): diagnosis of idiopathic Parkinson's disease by a movement disorders neurologist, minimum of five years disease duration, significant disability despite medical management, nondemented, equal to or greater than 30% increase in the Unified Parkinson's Disease Rating Scale (UPDRS)-III (motor subsection) scores with levodopa treatment compared to off mediation (except when treating refractory tremor), adequate post-surgery social support, no major and/or uncontrolled psychiatric or medical disease. The review process and subsequent surgical procedure is standard of care and was independent of the patient's participation in this study. Demographics and phenotypic characteristics for each patient are provided in Table 1 .
Insert Table 1 here
GPi DBS Implantation and Externalization Procedure
Prior to surgery, patients underwent a standard 3T MRI. A high resolution 7T MRI was also obtained, primarily for postoperative lead localization (see "Image-Based Reconstruction of DBS Lead Location and Orientation" below). Standard 3T images were imported into a Stealth neuronavigation system (Medtronic, Inc., Dublin, Ireland) for direct targeting and trajectory planning. Also imported into the Stealth system was 3T MR imaging containing highlighted GP borders, which were determined using the 7T MR imaging, to identify pallidal borders and directly target the posterolateral region of the GPi (Duchin et al., , 2012 Patriat et al., J o u r n a l P r e -p r o o f 2018). On the morning of surgery, a CT of the head was obtained with the stereotactic frame fixed to the skull. The CT was then imported into the Stealth system and merged with preoperative imaging and planned trajectory. Intraoperative electrophysiological mapping techniques (Vitek et al., 1998) were used to confirm the location of the intended implant site.
The planned trajectories of microelectrodes used for mapping, and subsequent lead placements, were anterior to posterior (range: 58.5° -62.3° from horizontal) and slightly lateral to medial (range: 1.5° -4.4° from vertical). A segmented "1-3-3-1" electrode (Abbott St. Jude Medical model 6172, contact height: 1.5 mm with 0.5 mm vertical spacing) was then implanted in the sensorimotor region of GPi. After lead implantation, tunneling was performed from the mastoid region to a subcutaneous pocket superficial to the pectoralis muscle in the infraclavicular region where a lead extension (Abbott St. Jude Medical model 6372) was placed and connected to the proximal end of the DBS lead. Rather than connecting the lead extension to an implantable pulse generator (IPG), the distal end of the DBS lead extension was connected to a "percutaneous" extension (Abbott St. Jude Medical Model 3383)) within the infraclavicular pocket and then tunneled from the inferior aspect of the pocket to the ipsilateral superior quadrant of the abdominal area where it was externalized, leaving a 3 cm segment protruding outside the abdominal pocket. The externalized segment was connected to the Abbott St. Jude Medical Multilead Trial Cable (model 3014) to enable subsequent connections to our electrophysiology recording equipment. The externalized components were secured and protected with a waterproof barrier dressing (Tegaderm, 3M, Maplewood, MN). Subjects were discharged to home until externalization recordings, which occurred 4-7 days after implantation. This approach allowed time for patients to recover after the lead implantation procedure and helped mitigate confounds related to temporary motor sign improvement immediately following lead placement (Koop et al., 2006) .
Study protocol
Participants were admitted to the University of Minnesota Health Clinical Research Unit where spontaneous and task-related LFP activity was recorded from the DBS lead over the course of 48 hours. Electroencephalogram (EEG) data collected as part of the protocol is not reported here.
The distal end of the trialing cable was connected to an ATLAS Neurophysiological System (NeuraLynx, Inc., Bozeman, MT) via an adapter cable (FHC, Inc., Bowdoin, ME). Neural data J o u r n a l P r e -p r o o f were acquired (EEG scalp contacts used for reference and ground) and digitized at 24kHz for subsequent analysis. Electromyographic (EMG) and kinematic activity from the contralateral upper extremity were recorded simultaneously with LFP recordings, using Delsys Trigno Legacy EMG and inertial measurement unit (IMU) wireless sensors (Delsys, Inc., Natick, MA).
All data presented here were collected after overnight withdrawal of parkinsonian medication, with the patient sitting in a hospital bed in a standard Fowler position. Data were collected in two behavioral conditions: rest and goal-oriented reaching. Rest: subjects were instructed to look at a predetermined point on the wall and remain still with their eyes open for five minutes. Reach task: subjects placed the hand contralateral to the implanted DBS lead (e.g. left GPi lead, right hand used) on a digitized home button, which was located 45 cm (Euclidean distance) from the target location displayed on a touchscreen monitor. After a randomized variable 3-5 sec delay following the start of a trial, a 1.27 cm hollow circle (initial target) appeared on the center of the touchscreen along with a 5 cm square box (final target) directly to the left of the circle. The distance between the initial (circle) and the final (square) targets was 10 cm, center to center. The appearance of the circle and square was the patient's "go cue". Subjects were instructed to touch and drag the circle into the square box as quickly and accurately as possible and then return to the home button (50 total trials). Initiating a movement prior to the go cue, or failing to reach the target within a 10 s window resulted in the trial being removed from further offline analysis. See the online supplemental video of a subject completing the reach task.
At the conclusion of the 2-day externalization study, subjects returned to the hospital for removal of the percutaneous extension and placement of the IPG. Subjects returned to the Neurology clinic approximately 4-6 weeks after IPG placement for their initial DBS programming, per standard clinical care. The movement disorders clinician performing the DBS programming was still blinded to the physiological recordings and was instructed to select programming parameters per their routine standard of care.
Local Field Potential Analysis
All analyses were performed using customized scripts in MATLAB (MathWorks, 2016). The Abbott St. Jude Medical 8-channel directional lead (model 6172) is constructed in a "1-3-3-1" J o u r n a l P r e -p r o o f fashion (totaling 8 contacts). For the purposes of description in this manuscript, we use the term "contact" to refer to any of the eight single electrodes (i.e. contact point through which data was recording or stimulation could be delivered), we use the term "ring" to refer to a vertical level of contact(s) (e.g. ring 1 has one contact, ring 2 has three contacts, etc.) and we use the word "segment" to refer to individual contacts of the segmented rings 2 and 3 (i.e. 2a,b,c; 3a,b,c). See Fig. 1A . Each contact of ring 2 and 3 ("a", "b" and "c") have a surface area of 1.8 mm 2 and ring 1 and 4 have a surface area of 6.2 mm 2 . Just dorsal to the fourth ring is a radial marker, with a fiducial aligned vertically with contacts 2a and 3a, for the purpose of orienting the lead. Total diameter of the lead is 1.27 mm. LFPs from the pallidum were constructed from bipolar pairs of contacts by subtracting recordings from vertically adjacent contacts of the DBS leads. Between segmented rings 2 and 3, vertical aligned contacts were used to construct LFPs (e.g. 2a-3a represents the signal created by subtracting the signal of contact 3a from 2a). For signal between segmented and non-segmented rings, we constructed bipolar pairs between each contact of the segmented rings with the adjacent continuous ring (e.g. 3a-4 represents the signal created by subtracting the signal of contact 4 from 3a). Additionally, for the purpose of comparing LFP recordings of dDBS leads with non-directional DBS leads, virtual ring recordings for the segmented rows, rings 2 and 3, were generated by averaging all contacts of ring 2 (a, b and c) and all contacts of ring 3 (a, b and c), respectively. In subject 3, ring 1 contained cardiac artifacts that were attenuated using a template subtraction technique. Changes in oscillatory power over time were visualized using spectrograms computed with the spectrogram function using 2 16 points in the discrete Fourier transform, a Hamming window of 2 14 points and 50% overlap. The frequency resolution was 0.3662 Hz. Power spectral density (PSD) plots were generated from spectrograms calculated over 5 minutes of continuous recordings in the rest condition.
Spectrograms were divided into 15-second epochs, averaged over time, resulting in 20 PSD traces.
The effects of movement on oscillatory activity in the GPi were evaluated using the following methods: First, spectrograms of LFP data collected during the reach task were computed via the multi-taper method and Chronux toolbox (Bokil et al., 2010) were generated for each trial by averaging the spectrogram in a 200ms window 1.5 seconds prior to reach initiation while the patient's hand was resting on the start pad. The statistical significance of differences in median spectral power between 'pre-movement' and 'reach' PSDs was assessed using the Wilcoxon rank sum (WRS) test (p = 0.01) at each frequency bin in the PSD, with Bonferroni correction for the number of frequency bins in the 3-40 Hz frequency range of interest (n=37). Two consecutive bins had to pass the WRS-test for a difference to be considered significant.
Image-Based Reconstruction of DBS Lead Location and Orientation
High-resolution 7T MR images (T2-weighted 0.4x0.4x1mm) were acquired prior to surgery for each patient and borders of the GPi and globus pallidus externus (GPe) were manually segmented (Duchin et al., 2012 Patriat et al., 2018) . Tractography-based parcellation (diffusion weighted 1.5x1.5x1.5mm) of the GPi was performed in subject 3 in order to provide an example of sub-regions of GPi (for further details including image acquisition parameters and processing steps, see ) (see axial images in Fig. 1D ). Approximately one month following IPG placement, high-resolution CT images (0.4x0.4x0.6mm) were acquired to visualize the DBS lead. This 1-month CT image was then registered with the preoperative 7T MR image using a rigid, followed by an affine, transformation within 3D Slicer (http://www.slicer.org, (Fedorov et al., 2012) ). A 3D model was created depicting the DBS lead location and its axial orientation, with respect to the patient-specific pallidum segmentation ( Fig.   1 , left panels). The orientation of the DBS lead and relative direction of individual segments (a, b and c) for each patient were derived from the fiducial marker directly superior to contact 4, in combination with the unique artifact characteristics of the segments, using a modified version of the DiODe algorithm (Hellerbach et al., 2018) and confirmed with information extracted from fluoroscopy and X-ray images acquired intraoperatively.
Data Availability
The data that support the findings in this study are available from the corresponding author, JV, upon reasonable request. Insert Figure 2 here
The DBS montage selected in clinic during the patient's initial programming visit for providing therapeutic stimulation is shown for each patient, in red on the two-dimensional MRI images and J o u r n a l P r e -p r o o f also written in red italics underneath the third column (segment 'c') of the LFP spectrograms ( Fig. 1) . Stimulation through individual segmented contacts was not attempted in subject 2 during the initial programming session (monopolar review). For all three patients, the clinician performing the monopolar review was not given programming constraints and was told to program the patient per their normal standard of care protocol.
LFPs at Rest
Spectral features described below were most prominent in LFPs recorded from segments facing the postero-lateral "sensorimotor" region of GPi, whereas medial or medial-anterior facing segments displayed, overall, oscillatory power that was relatively lower in amplitude (See Fig.   1 ). Subject 1 had a prominent theta-range 7 Hz peak that was highest in amplitude within the 2c-3c (posterior facing) segment pair (Fig. 1B) . A smaller low beta 13 Hz peak was also present and found predominantly in contact pairs 2a-3a, 2c-3c, to a relatively lesser extent in 1-2c and trace amounts in the remaining contact pairs. Phenotypically, this subject displayed predominantly lower extremity rest tremor and to a lesser extent, upper extremity rest tremor, as well as upper and lower extremity rigidity and bradykinesia. Subject 2 had a prominent high beta 29 Hz peak with the largest amplitude found in the 2b-3b (postero-lateral facing) segment pair (Fig. 1C ).
Phenotypically this subject had minimal tremor but moderate rigidity with marked bradykinesia and postural and gait instability. Subject 3 displayed double-peak oscillatory power at 20 Hz and 29 Hz with a broader distribution across multiple segments, but greatest in the direction of segments a and b (Fig. 1D ) that were facing the posterior and lateral regions of sensorimotor GPi. This subject displayed tremor in the upper limbs, rigidity, and bradykinesia. The most significant feature to this patient's symptomatology, however, was his gait disorder manifesting predominantly as freezing of gait. Fig. 3 shows spectrograms over 60 seconds during rest and the reach task (approximately 8-10 reaches) for each subject and represents vertically-aligned differential recordings from the segmented contacts (2a-3a, 2b-3b, 2c-3c). These plots illustrate oscillatory activity in subjectspecific contact pairs, demonstrating task-related modulation in oscillations that are locationspecific within the pallidum.
LFPs During a Reach Task
J o u r n a l P r e -p r o o f
Journal Pre-proof Insert Figure 3 here Subject 1 displayed a prominent low frequency peak in the range of 5-10 Hz, and in the low beta 12-15 Hz range just prior to reaching, with power greatest in the direction of segments 2c-3c (facing the posterior region of GPi). A non-significant (p > 0.01) modulation (reduction) in power across both theta and low beta was elicited during the reach task relative to the premovement time period (the time period between reach trials when the subject's arm was in the rest position) (Fig. 4A) . Noteworthy is the location of rings 2 and 3 in the axial view (Fig. 1) within the GPi for this subject, which may be mesial relative to reported "arm/hand" somatotopic regions of GPi (Baker et al., 2010; Vitek et al., 1999) and, therefore, could underlie the minimal modulation in oscillatory activity observed during the reach-task (see Fig. 3A and 4A) .
Subject 2. In bipolar recordings from segments of the ring pair 2-3, subject 2 exhibited a significant reduction in high beta power (around 30 Hz) during reaching compared to rest, while low frequency oscillatory activity was significantly increased during movement (p < 0.01) ( Fig.   3B and 4B). Reductions in high beta frequency oscillations during movement were most evident on contact 'b' (postero-lateral facing) ( Fig. 3B) , the same contact pair where high beta was greatest during the rest condition, while the increase in low frequency oscillatory activity was greatest in the direction of contacts 'a' (anterior facing) and 'c' (medial facing). During movement we observed a single peak frequency at around 25 Hz in all directional contacts ('a', 'b' and 'c') ( Fig. 4B) .
Subject 3. In bipolar recordings from the segments of ring pair 2-3, modulation in the beta frequencies was most evident in the direction of contacts 'a' (antero-lateral) and 'b' (posterolateral), where power was significantly reduced during reach, as compared to rest, in the 10-20
Hz and 25-35 Hz ranges (p < 0.01) (Fig. 4C) . It is noteworthy that in this subject, broad band activity was apparent across multiple contact pairs (Fig. 1D ). Similar to subject 2, low frequency (2-11 Hz) oscillatory activity was significantly increased during movement (p < 0.01) compared to pre-movement rest phases and this, like subject 2, occurred in contact pairs that showed the lowest amount of modulation in the beta frequencies. For subject 3, this was in the direction of J o u r n a l P r e -p r o o f contact 'c', which was also antero-medial facing, as was contact 'a' and 'c' for subject 2. Also similar to subject 2, during movement we observed a single peak frequency at around 25 Hz in all directional contacts ('a', 'b' and 'c') . Videos of subject 3 performing the reach task, timealigned to oscillatory activity measured from the DBS leads, are available in the Supplementary Materials.
Insert Figure 4 here
Discussion
Physiological biomarkers are subject-specific and spatially localized within the GPi
Although multiple studies have recorded LFP activity from the STN in patients with Parkinson's disease, there are few reports of this activity in the pallidum. In three Parkinson's disease patients with recently implanted dDBS leads in the GPi we observed the presence of LFP activity in multiple frequency bands that were present at rest and were modulated during a goalorientated reaching movement. This patient-specific LFP activity was spatially selective (i.e. differentially present in adjacent segments of the same ring) with power greatest in the segments that were predominately facing the posterolateral "sensorimotor" portions of GPi. When segments were computed as a virtual ring, power of LFP activity in the "ring mode" was reduced compared to that found in selective segments of the corresponding rings, suggesting that recordings from omnidirectional rings may average out spatially selective biomarker activity.
While sensing in the ring mode can reveal the presence of and changes in LFP activity under different conditions, segmented leads can provide a more regionally-specific view of such activity and relative power in different regions of GPi. Inter-and intra-subject variability in principal frequency content from LFP activity could be a function of one or multiple factors, which may include: recording from omnidirectional rings (washing out specific regions of oscillations), recording in differing regions within a nucleus containing phenotype-specific physiological activity or differing regions containing somatotopy-specific physiological activity.
Notably, further washout can occur when averaging across patients. Thus, given the specificity of the spatial distribution of biomarker activity in GPi along with the range of peak frequency oscillations that we observed in these three patients, one should also be cautious when interpreting the absence/presence of LFP activity, or its relationship to specific motor signs, J o u r n a l P r e -p r o o f particularly when averaged across Parkinson's disease patients with different phenotypic profiles and whose leads may be in relatively different regions of the targeted area.
Lead location relative to anatomical structures: Implications for lead placement and
DBS programming
Earlier studies using omnidirectional ring electrodes for recording LFPs reported that the most beneficial effect of STN DBS arose from those contacts with the highest magnitude of beta activity (Ince et al., 2010; Yoshida et al., 2010) . Similar to findings reported for the STN (Horn et al., 2017; Tinkhauser et al., 2018) , the clinically chosen contact(s) for therapeutic stimulation in our three subjects align well with the contact pairs in the sensorimotor region of GPi showing the greatest power of oscillatory activity. Thus, the DBS lead orientation and directional LFP recordings presented here may lead to better outcomes by allowing more spatially precise LFPguided DBS programming, which is dependent on lead location, in particular, targeting the sensorimotor portion of GPi.
In next steps, we are utilizing precise localization of each directional contact within the GPi (as reported here), and developing three-dimensional probabilistic maps of LFP activity in GPi and examining their relationship to phenotype and clinical outcomes with stimulation in these different pallidal regions. Once collected in a larger cohort of patients these data would allow us to identify the optimal target location within the structure for lead placement, which may prove to vary slightly depending on patient phenotype. This then sets the stage for developing automated algorithms that can predict optimal stimulation parameters based on phenotype and location of the lead, potentially reducing the time and expertise needed in the clinic for programming or even enable telemedicine-based programming.
Oscillatory activity in the GPi in Parkinson's disease: Relationship to motor signs
Even in this small patient cohort, we observe differing oscillatory activity patterns between subjects, which may be related to patient phenotype or recording location or a combination of both. For example, subject 1, who presented with tremor in both upper and lower limbs along with bradykinesia, demonstrated two spectral peaks, one previously reported to be relevant to the presence of tremor (theta) and the other to bradykinesia (low beta) (Brown, 2003; Kühn et al., J o u r n a l P r e -p r o o f Journal Pre-proof 2009 ). This spectral activity was most prominent in segments facing posterior and lateral regions of GPi. Subject 2, who presented with bradykinesia, rigidity and gait problems, showed predominately high beta oscillatory power; while subject 3, who had marked midline/axialrelated signs including gait disturbance and prominent freezing along with bradykinesia and rigidity, displayed broad spectrum oscillatory activity across a wide range of contacts with a noticeable double peak, one in low and one in high beta frequency ranges. Similar to subject 1, oscillations with the largest amplitude were, in general, facing the posterior and lateral region of GPi in both subject 2 and 3. Interestingly, both subject 2 and subject 3 showed a single peak oscillation around 25 Hz during goal-orientated reaching, which was a shift from frequency peak(s) noted during the premovement rest phase. Although peak oscillations during the premovement rest phase (Fig. 4) were similar to those recorded during a true rest condition (Fig.   2 ), consideration should be given to the potential for anticipatory-induced modulation just prior to movement (Hendrix et al., 2018) .
With respect to utilizing physiological activity for determining clinical DBS programming, a single segmented contact was clinically chosen for therapeutic stimulation (3b-, case+) for subject 3. Given the spatially broad range of oscillatory activity, one could theorize that, for this patient, stimulating a greater volume of GPi by creating a larger volume of activation via stimulation through multiple contacts at lower currents could potentially result in improved outcomes or a larger therapeutic window. It is also possible that phenotype-specific frequency oscillations (which may or may not be spatially distinct) should be targeted and stimulating spatially different contacts, independently, could be used to target specific frequencies where they are identified to be most prominent. Clearly a limitation here is the number of patients and, therefore, a larger number of patients will be required to evaluate the predictive power of biomarker detection from dDBS pallidal LFPs, for both characterizing the relationship of LFP activity to individual motor signs and determining the optimal contact(s) for dDBS. As our knowledge of underlying physiological processes becomes better defined, mapping the physiological features onto specific sub-regions of each DBS target will be a critical step in tailoring stimulation location and parameters to specific disease features of individual patients.
Implications for closed-loop deep brain stimulation in the GPi
J o u r n a l P r e -p r o o f
Next generation DBS devices may incorporate real-time measures of LFP activity to inform how stimulation is delivered. Indeed, several studies have suggested therapeutic benefit to adjusting stimulation parameters based on the presence and power of beta oscillations in the STN (Little et al., 2016a (Little et al., , 2016b (Little et al., , 2013 Priori et al., 2013; Rosa et al., 2017 Rosa et al., , 2015 . Our findings highlight several important considerations for LFP-based closed-loop DBS. First, our data shows that oscillatory activity in GPi dynamically changes during volitional movement. This is noteworthy because the frequencies currently being targeted as biomarkers for implementing closed-loop algorithms, such as beta frequencies, do indeed modulate during volitional movement, and these dynamic changes in biomarker activity can result in corresponding changes in stimulation that negatively impact the efficacy of closed-loop (Johnson et al., 2016) . Second, algorithms will need to consider each individual's unique spectral and spatial topography of oscillatory activity (i.e. which frequencies are important and from which direction are they coming). Equally important then, will be knowledge of the precise location of the lead, which may influence modulation of oscillatory activity that is captured during both volitional movement and at rest. The relationship between "normal" resting state oscillations and modulation from volitional movement and the changes in this relationship that occur with the development of Parkinson's disease requires further elucidation but will most certainly need to be accounted for in future closed-loop algorithms.
Summary
Externalized recordings from three Parkinson's disease patients using directional DBS leads revealed a spatial topography of oscillatory activity in the pallidum, demonstrated spectral characteristics, in particular, frequency bands and peaks, that were distinct for each patient, and showed modulation of these characteristics with volitional movement. Although the peak frequency of oscillatory activity varied across patients, maximum power was always found in segments that faced the posterolateral "sensorimotor" territory of GPi and aligned with the clinically chosen contacts. This study demonstrates the utility of using patient-specific data for determining the relative location and orientation of the individual lead contacts for characterizing the relationship of LFP activity to individual motor signs and potentially determining the optimal contact(s) for DBS. Oscillatory activity modulated with movement, emphasizing the context dependent nature of these biomarkers that will need to be accounted for in order to improve 
Figure 2. Resting State Power Spectral Density Plots. [1.5 column-fitting]
Power spectral density (PSD) plots of local field potential recorded from the pallidum of three DBS patients. PSD plots were generated from spectrograms calculated over 5 minutes of continuously recorded data collected at rest. Spectrograms were divided into 15-second segments, averaged over time, and the resulting 20 PSD traces were averaged. Mean +/-2SD are shown. Data presented here are from vertically adjacent segment pairs from rings 2 and 3 (e.g. 2a-3a). For visualization purposes, data points between 58 and 62 Hz (corrupted by line noise) were excluded. For each subject, salient peaks in the PSD were identified and labeled on the plots identified as having the highest peak in oscillatory power in the 5-35 Hz range. 
column-fitting]
The effects of movement on spectral power in the 3-40Hz range in the GPi (A) Median PSDs in pre-movement and reach conditions in subject 1. Reach PSDs were calculated during a time period centered at maximal reach velocity (see Methods); pre-movement PSDs were calculated from a time period prior to reaching while the patient maintained a resting position on the startpad. Each column represents a bipolar configuration using the vertically adjacent segments of ring 2 and 3 (e.g. 2a-3a). Shaded regions indicate significant differences between PSDs based on the Wilcoxon rank-sum (WRS) test (p=0.01) corrected for multiple comparisons. Two consecutive bins had to pass the WRS-test for a difference to be considered significant.
Supplemental Material Video 1. Reach Task with Time-Frequency Spectrogram.
Subject 3 performing the touchscreen reaching task. Display of time-frequency spectrograms from pallidal local field potentials recorded from segments 2b-3b, 2a-3a, and 2c-3c are synchronized with the patient video. Spectrograms were created as described in the Materials and Methods, except that for display purposes a 2-D Gaussian smoothing filter (standard deviation = 1) was used using the imgaussfilt function in Matlab. Matlab colormap jet was used with color 
